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Introduction

Activation of complement (C) generates strong pro-
inflammatory and cytotoxic activities that collaborate
to destroy pathogens [1,2]. The small anaphylactic frag-
ments C3a and C5a recruit and activate phagocytes while
the large opsonic fragments C4b and C3b bind targets,
labelling them for phagocyte uptake. The membrane attack
complex (MAC) causes cytolysis by disrupting cell mem-
brane integrity. While C activation is critical for host
defence, aberrant activation occurs in numerous inflamma-
tory and autoimmune diseases [3]. C activation in tissues is
controlled by a battery of membrane C regulatory protein
(CReg) that include decay accelerating factor (DAF; CD55)
which accelerates decay of the enzymes of the activation
pathways, and CD59 which inhibits assembly of the MAC
[4]. When local C activation is severe and sustained, Creg-
mediated defence may be overwhelmed and damage
ensues. In these circumstances, therapeutic inhibition of C

may be beneficial [5].
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Summary

The human neuromuscular disease myasthenia gravis (MG) is characterized
by the generation of autoantibodies reactive with nicotinic acetylcholine
receptors (AChR) that cause loss of AChR from the neuromuscular end-plate
with resultant failure of neuromuscular transmission. A role for complement
(C) in AChR loss has been suggested based upon morphological identification
of C at the end-plate in MG and from the effects of C inhibition in murine
models. Here we provide further evidence implicating C, and specifically the
membrane attack complex (MAC), in a mouse model of MG. Mice deficient in
the C regulators Dafl and/or Cd59a were tested in the model. Wild-type mice
were resistant to disease while mice deficient in Dafl had mild disease symp-
toms with evidence of C activation and AChR loss at end-plates. Cd59a-
deficient mice had very mild disease with some muscle inflammation and
essentially undamaged end-plates. In contrast, mice deficient in both C regu-
lators developed a severe paralytic disease with marked muscle inflammation
and loss of end-plates. Inhibition of MAC assembly abrogated clinical disease
in these double-deficient mice, demonstrating conclusively that MAC forma-
tion was driving pathology in the model. These findings provoke us to suggest
that current anti-C therapeutics targeting MAC assembly will be beneficial in
MG patients resistant to conventional therapies.
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Myasthenia gravis (MG) is a debilitating and potentially
life-threatening condition characterized by episodes of pro-
found muscle weakness [6]. Therapeutic options are cur-
rently limited; some patients are resistant to available
therapy, and acute myasthenic crises may require urgent res-
piratory support. MG is one of the best understood of
the ‘organ-specific’ autoimmune diseases. Autoantibodies
against the acetylcholine receptor (AChR) are generated that
bind AChR at the neuromuscular junction (end-plate) and
block neuromuscular transmission, causing the severe
muscle weakness that typifies the condition [6—8]. The anti-
AChR antibodies are not directly blocking, but instead
recruit other effectors to cause end-plate damage. C was
implicated over 40 years ago with the demonstration that
serum C levels were decreased in MG patients, suggesting
activation of C [9]. When dense localized deposits of C acti-
vation products were identified at the end-plate in electron
micrographs of muscle from MG patients, a direct role for C
activation in the destruction of the end-plate was proposed
[10,11]. The abundance of MAC at this site provoked the
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suggestion that ‘microlysis’ caused by MAC deposition and
lytic pore formation was the cause of the observed destruc-
tion [12]. Given the dearth of current therapeutic options for
MG, strategies targeting C activation are attractive. However,
it is first essential to understand precisely how C causes
damage at the end-plate.

Rodent models of MG have provided a number of impor-
tant insights into the disease, including a growing body of
evidence supporting a key role of C activation (summarized
in the discussion). Here we have used a well-established
mouse model of MG, passively induced experimental
autoimmune MG (EAMG) [13,14], to dissect the contribu-
tions of the different CReg in defence of the end-plate. The
data show that absence of two of the major murine CRegs,
CD55 and CD59a, profoundly exacerbates disease. Further,
we show that the observed acute pathology is mediated by
the MAC and that inhibition of MAC formation protects
from disease even in this ‘deregulated’ severe disease model.
These findings suggest that targeted inhibition of MAC for-
mation will be of benefit in human MG.

Materials and methods

Antibodies and other reagents

The rat monoclonal antibody (mAb) McAb-3 against AChR
was the kind gift of Professor Vanda Lennon (Mayo Clinic,
Rochester, MN, USA). The mouse mAb BB5-1 against mouse
C5 was the kind gift of Professor Brigitta Stockinger (NIMR,
London, UK). Polyclonal goat anti-serum against rat C3c
(cross-reactive with mouse C3c) was purchased from Nordic
Laboratories (Tilburg, the Netherlands) and diluted 1 : 400
for staining sections. Polyclonal rabbit anti-serum against rat
C9 (cross-reactive with mouse C9/MAC) was generated and
characterized in house and diluted 1 : 300 for staining. Rabbit
anti-human C3 was generated in-house, IgG was purified
from anti-serum by passage over protein A Sepharose and
the purified IgG labelled with biotin using standard
methods (Perbio Science, Cramlington, UK). Streptavidin
peroxidase was from Bio-Rad (Hemel Hempstead, UK). o.-
Bungarotoxin—rhodamine conjugate (T-1175) was from
Molecular Probes (Invitrogen, Paisley, UK). Anti-rabbit Ig
fluorescein isothiocyanate (FITC) was from Bio-Rad.

Mice

In mice there are two genes for both CD55 and CD59, and in
each case one gene (Dafl; CD59a) is widely expressed while
expression of the other (Daf2; CD59b) is essentially
restricted to testis [15-17]. Mice deficient in the broadly
expressed forms of CD55 (Dafi”) and CD59 (Cd59a™)
have been described and shown to lack expression of the
respective proteins [16,18-20]. Each of these strains had
been back-crossed onto C57BI6 for at least 10 generations.
Dafl”"Cd59a”~ double knock-out mice were created

EAMG in complement regulator knock-out mice

in-house by intercrossing the two strains. Wild-type (WT)
mice were littermates from these intercrosses confirmed to
express each protein. All mice were maintained in standard
animal house conditions and diet.

Testing C activating capacity of McAb-3

Plates (96-well, Nunclon Maxisorb, Nunc, Roskilde,
Denmark) were coated with a Fab fragment of a polyclonal
anti-rat IgG (made in-house) at 10 ug/ml in carbonate
buffer pH 8-0, blocked in phosphate-buffered saline (PBS)
containing 0-1% Tween-20 (PBS-T) and 5% non-fat dried
milk and incubated with various dilutions of McAb-3 ascites
in PBS-T [13,21]. Unbound antibody was removed by
washing in PBS-T, wells blotted dry and dilutions of mouse
serum in veronal-buffered saline (CFD; Oxoid, Basingstoke,
UK) added to the wells. Plates were incubated for 60 min at
37°C, washed in PBS-T and incubated with biotinylated
anti-C3 IgG (10 pg/ml in PBS-T) for 30 min at 37°C. After
washing, plates were incubated with avidin—peroxidase (Bio-
Rad; 1: 1000 in PBS-T), washed and developed using ortho-
phenylene diamine (OPD) substrate.

Induction and assessment of disease

All animal studies were reviewed and approved by the UK
Home Office. Mice (groups of five) were injected intraperi-
toneally (i.p.) with McAb3 ascites (40 ul diluted to 400 ul in
PBS) at time zero. This dose of ascites was chosen based
upon information from the donor that it was the lowest dose
required to generate disease in C57Bl6 mice. In some experi-
ments, mice were administered simultaneously anti-C5 mAb
BB5-1 (1 mg in 100 pl PBS). Mice were weighed prior to
disease induction and at frequent intervals thereafter.
Disease severity was assessed clinically, essentially as
described [22], and scored on a scale from 0 (no disease) to
4 (severe paralytic disease necessitating sacrifice). A quanti-
tative measure of grip strength was obtained using a home-
built apparatus in which mice were allowed to grip with
forepaws a metal bar attached to an electronic balance and
gentle traction applied until the grip was broken. The grip
strength (in grams) was assessed in three repetitions for each
measurement and the mean of the three recorded. Mice were
killed at 48 or 72 h and the calf muscles dissected. From each
mouse, one calf muscle set was snap-frozen in isopentane on
dry ice, the other fixed in 10% paraformaldehyde. Fixed
tissue was resin-embedded, sectioned on a microtome and
sections mounted on slides. Snap-frozen muscles were sec-
tioned (10 wm) on a cryostat and transferred to Superfrost
slides (Surgipath, Peterborough, UK). Sections were fixed in
acetone for 5 min, and stored at —20°C until use.

Histology and immunohistology

Fixed muscle tissue was sectioned and stained with haemo-
toxylin and eosin (H&E). At least 10 sections from similar
regions of each muscle were assessed in a blinded manner for
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the presence of inflammatory infiltrates. A semiquantitative
scoring system was employed as follows: 0, no inflammatory
infiltrates; 1, infiltrates < 1 per low-power field; 2, infiltrates
1-5 per field; 3, infiltrates 6-10 per field; 4, infiltrates > 10
per field.

Frozen tissue was sectioned and stained with
o-bungarotoxin—rhodamine diluted to 1:200 in block
buffer [PBS, 1% bovine serum albumin (BSA)] for 40 min at
room temperature in a humid chamber. Following three
washes in PBS, sections were mounted using VectorShield
and analysed under a fluorescent microscope. The density
slicing function of the Openlab software (Improvision,
Coventry, UK) was used to calculate the area occupied by
o-bungarotoxin-reactive AChR in each section. Twenty fields
were captured from comparable areas of the soleus muscle.
For analysis of deposition of C3 fragments and C9/MAC,
frozen sections were incubated for 1 h at room temperature
with the primary anti-serum diluted 1 : 100 in block buffer in
a humid chamber, washed three times in PBS and incubated
with anti-rabbit Ig-FITC (Bio-Rad; 1: 200 in block buffer)
for 40 min at room temperature in a humid chamber. To
confirm end-plate staining, o-bungarotoxin—-rhodamine was
included in this second incubation. After washing, sections
were mounted in VectorShield and analysed on a fluorescent
microscope. As a negative control, sections from a naive
mouse were stained as described. Sections were scored blind
for degree of staining for C3 fragments and C9/MAC on an
arbitrary scale from 0 (no specific staining) to 4 (strong
staining at most or all end-plates). For confirmation of
inflammatory cell infiltration, frozen sections were stained
with rat anti-mouse CD11b-FITC conjugate.

Statistical analysis

For analysis of differences between two groups, Student’s
t-test was used. Where more than two groups were com-
pared, the analysis of variance (ANovA) test was applied with
post-hoc analysis using the #-test with Bonferroni correction.
Statistical analysis utilized the InStat package (GraphPad,
San Diego, CA, USA). Results were considered significantly
different when P < 0-05.

Results

The anti-AChR mAb McAb-3 efficiently activates
mouse C

To confirm that the rat IgG2b mAb McAb-3 activated mouse
C, the mAb was first immobilized through specific capture
onto a 96-well plastic plate, and dilutions of mouse serum
incubated in the coated wells. C activation was assessed by
measuring C3 fragment deposition in the wells. C was acti-
vated in a dose-dependent manner in wells coated with
the mAb, while BSA-blocked wells in which no mAb had
been immobilized showed trace activation at the highest

concentration of mouse serum, confirming that the mAb
McAb-3 activated C (Fig. la).

Absence of membrane CReg exacerbates weakness in
EAMG

EAMG was induced in groups of five mice deficient in CD55
(Daf1™"), CD59 (Cd59a™") or both (Dafl”"CD59a”") and
disease compared with that in WT controls. WT mice did not
show significant clinical disease or reduced grip strength
when compared to that measured prior to injection of mAb
(Fig. 1c,d), nor did they lose weight over the course of the
experiment (Fig. 1b). Both Daf1~”~ and Cd59a”~ mice devel-
oped mild clinical disease and a small but consistent and
statistically significant (P < 0-05) increase in clinical score at
38 and 48 h when compared to pre-induction measurements
or to WT controls (Fig. 1c,d); weight loss was not signifi-
cantly different between the groups (Fig. 1b). In marked
contrast, Dafl”’"Cd59a~ mice developed severe clinical
disease with profound weakness within 24 h of administra-
tion of mAD (for grip strength, P < 0-01 at all time-points;
for clinical score, P < 0-05 at 18 and 24 h, P < 0-01 at 38 and
48 h; Fig. 1c,d). At 48 h, the degree of weakness and the
marked weight loss (significant at P < 0-05 at all time-points
from 24 h; Fig. 1b) in this experimental group necessitated
the mice to be killed.

In a separate experiment, disease was induced in two
groups of five Dafl”"Cd59a”" mice; one group was treated
with anti-C5 mAb BB5-1 at 1 mg/animal given i.p. with the
disease-inducing mAb (Fig. 2). In preliminary experiments,
this dose of BB5-1 caused complete inhibition of haemolytic
C activity in C57Bl6 mice through 48 h (data not shown).
Administration of anti-C5 mAb with the disease-triggering
mAb completely abrogated disease in the Dafl”~Cd59a™"
mice. While untreated mice developed severe paralysis and
disease, as in the first experiment, the anti-C5 mAb-treated
group showed minimal clinical disease and no reduction in
grip strength when compared to pre-induction measure-
ments, and exhibited no other clinical signs of disease
throughout the 48-h experimental time-course (Fig. 2b,c).
Anti-C5-treated Dafl”~Cd59a™~ mice also continued to gain
weight following induction of EAMG, while those not
treated with anti-C5 showed marked weight loss (Fig. 2a).
Differences between treated and untreated groups for each of
the three measured parameters were significant (P < 0-05 to
P < 0:01) at all time-points post-induction.

Absence of membrane CReg exacerbates
end-plate AChR loss in EAMG

Number and integrity of end-plates was assessed in muscle
by staining for AChR in muscle sections with o.-rhodamine-
labelled  bungarotoxin, followed by imaging and
quantification. In untreated WT mice, well-circumscribed
brightly stained end-plates were evident in most sections;
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Fig. 1. Experimental autoimmune myasthenia gravis (EAMG) is markedly exacerbated in DafI”~CD59a™~ mice. (a) To confirm that the

monoclonal antibody (mAb) McAb-3 activated complement (C), a plate assay was established in which the mAb was coated onto enzyme-linked

immunosorbent assay (ELISA) plate wells and capacity to activate C from serum assessed by measuring C3b deposited on the plastic.
Antibody-coated wells are shown as diamonds and wells without mAbD as triangles. Results are means of quadruplicate determinations at each point.
Standard errors are plotted but are not visible in this highly reproducible assay. (b—d) EAMG was induced in age- and sex-matched groups of five
wild-type (diamonds), DafI”~(squares), Cd59a™~ (triangles) and DafI”~CD59a™~ (circles) mice. Weight (b), grip strength (c) and clinical score (d)

were measured at intervals. Data are means = standard deviation (s.d.) (n

=5) for each point. Weight was reduced significantly compared to

controls (P < 0-05) only in Dafl”~Cd59a™~ mice from 24 h onwards. Grip strength was reduced significantly compared to controls in Cd59a™ mice
at 24, 38 and 48 h (P < 0-05) and DafI7~Cd59a™~ mice at all time-points (P < 0-01). Clinical score was increased significantly compared to controls
in Daf1”~ and Cd59a™~ mice at 38 and 48 h (P < 0-05) and in DafI”~Cd59a™ mice (P < 0-05 at 18 and 24 h, P < 0-01 at 38 and 48 h).

this appearance was essentially identical in WT mice treated
with the anti-AChR mAb (Fig.3a). In contrast,
o-bungarotoxin staining in Dafl”~CD59a™~ mice revealed a
marked reduction in staining with a few residual weakly
stained and poorly circumscribed end-plates (Fig. 3b).
Muscle from Cd59a~~ mice showed well-preserved end-plate
staining while that from DafI”~ mice showed intermediate
loss of staining and structure (Fig. 3¢c,d). The pooled data
from each experimental group is summarized in Fig. 3f. The
total number of o-bungarotoxin-positive end-plates was
reduced significantly in Dafl”~Cd59a”" mice compared with
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each of the other groups (P < 0-01). Differences between
other groups failed to reach significance. End-plate loss was
significantly reduced (P < 0-01) in Dafl”~Cd59a”~ mice
treated with anti-C5 mAb, as demonstrated by the preserva-
tion of a-bungarotoxin-positive end-plates (Fig. 3e,g).

Absence of membrane CReg permits C activation at the
end-plate in EAMG

Muscle sections were stained for deposition of C3 fragments
and C9 as a surrogate for MAC. Muscle sections from
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Fig. 2. Inhibition of C5 cleavage protects from disease in
Daf17-CD59a”" mice. In a separate experiment, experimental
autoimmune myasthenia gravis (EAMG) was induced in two age- and
sex-matched groups of five Dafl”’~"CD59a”~ mice. One group was
given anti-C5 monoclonal antibody (mAb) with the disease-initiating
antibody (squares), while the other group was given initiating
antibody alone (diamonds). Weight (a), grip strength (b) and clinical
score (c) were measured at intervals. Data are means * standard
deviation (s.d.) (n=5) for each point. Differences between treated
and untreated groups for each of the three measured parameters were
significant (P < 0-05 to P < 0-01) at all time-points post-induction.

untreated WT or knock-out animals were negative for both
these anti-sera (data not shown). C3 fragment deposition
was present in all mice given the anti-AChR mAb, present in
a linear pattern along the end-plates (Fig. 4a—e). Presence at
the end-plates was confirmed by double-staining in all sec-
tions (example shown in Fig. 4k,] from Cd59a mouse). C3
fragment deposition was assessed and scored in sections
from all mice in each group. All Dafl”"Cd59a” mice had
moderate to heavy C3 staining at end-plates [scores
3-4 + 0-6; mean * standard deviation (s.d.)]; the majority
of Dafl”~ and Cd59a”~ mice had moderate C3 staining at
end-plates (scores 2:8 = 0-36 and 2-0 = 0-24, respectively;
mean * s.d.); WT mice had mild to moderate C3 staining
(score 12 * 0-2; mean =* s.d.). C3 staining in each of the
gene knock-out animals was significantly higher than in WT
(P < 0-05), but differences between the other groups were
not statistically significant. Specific C9/MAC staining was
present only in Dafl”"Cd59a” mice (Fig. 4i). Staining was
strong in this group (score 3-2 * 0-4; mean * s.d.) and
co-localized with residual o-bungarotoxin-positive end-
plates. There was no specific staining for C9/MAC in any
of the other groups, including the anti-C5-treated
Daf17-Cd59a~ group (negative data not shown).

Absence of membrane CReg exacerbates muscle
inflammation in EAMG

Muscle histology with H&E staining at 48 h revealed the
presence of inflammatory foci in the majority of mice given
the anti-AChR mADb, absent in untreated controls, confirmed
by staining for infiltrating macrophages and/or neutrophils
using anti-mouse CD11b (Fig. 5a—c). Inflammatory scores
were calculated for each mouse and the results for each
group are shown in Fig. 5f. WT, Daf1”~ and CD59a""~ mice all
showed mild inflammation with average inflammatory
scores < 1 in each group. In contrast, all Dafl”"Cd59a™"
mice had moderate to severe inflammatory changes in
muscle that were significantly increased (P < 0-01) com-
pared with each of the other groups. Treatment with anti-C5
in these mice significantly reduced but did not ablate inflam-
mation in Dafl”~Cd59a” mice (Fig. 5g; P < 0-05).

Discussion

There is an abundance of data implicating C in pathogenesis
in rodent models of MG induced either actively by immu-
nizing with AChR purified from the torpedo ray electric
organ, or passively by administering MG patient sera, EAMG
serum or mAb generated against the AChR [23]. The first
evidence was provided by the demonstration of C deposition
at the end-plate in rats with actively induced EAMG [11]. A
causative role was suggested by Lennon and coworkers who
showed that removal of C activity by treatment with the
C-consuming agent cobra venom factor (CVF) markedly
inhibited both actively induced and passively induced (by
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Fig. 3. Acetylcholine receptor (AChR) loss

is exacerbated in Dafl”~CD59a™" mice.

Muscle sections were stained with
o-bungarotoxin-rhodamine and imaged.
Twenty fields were captured for each muscle
analysed. Representative fields for wild-type (a),
Dafl”-CD59a™" (b), Cd59a™ (c) and Dafl”~
(d) mice are shown. Plate (e) is a representative
section for Dafl”~Cd59a™ mice treated with
anti-C5 monoclonal antibody (mAb). Arrows

indicate positive areas. Magnification x 200.

The area occupied by o-bungarotoxin-positive <D( |
end-plates was measured automatically using g 2000 B T
the density-slicing feature of the Openlab S 'ﬁ
software and the mean value from 20 fields for g N
each mouse calculated. (f) Mean of these @ N
means * standard deviation (s.d.) (n =5) for o 1000 -

the first experiment comparing each of the four
mouse strains used; end-plate area was reduced
significantly in Dafl”~Cd59a™~ mice compared
to all other groups (only comparisons with

wild-type are shown for clarity). (g) Means of

/
means for the second experiment, testing effects th’ (‘SJ
of C5 inhibition in Dafl”~Cd59a™ mice; PSS

. N o N
end-plate area was preserved by anti-C5 K Q&; Q Q{‘;
treatment. *P < 0-05; **P < 0-01. v

Wild-type Daf1-/Cd59a-

Daf1-/Cd59a-
+anti C5

Dafl- treatment

Cd59a- BuTx

MNormal Rb serum

Fig. 4. Complement (C) activation is present at the end-plate in experimental autoimmune myasthenia gravis (EAMG). Muscle sections were
stained for C3b (a—e) or C9/MAC (f—j) and double-stained with rhodamine-bungarotoxin (example in k,1). Representative fields for wild-type (a,f),
Dafl”~ (b,g), Cd59a™~ (c,h) and Dafl”-CD59a™~ (d,i) mice are shown. Plates (e,j) are representative sections for Dafl”~Cd59a™" mice treated with
anti-C5 monoclonal antibody (mAb). Arrows indicate C3b/C9-positive bungarotoxin-positive end-plates. Magnification x 200; plates k,1 x 1000.
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Fig. 5. Muscle inflammation is exacerbated in DafI”~CD59a”~ mice. Muscle sections were stained with haematoxylin and eosin to identify
inflammatory cell infiltrates. Representative fields for wild-type (a), Dafl”~ (b), Cd59a™~ (c) and Dafl”-CD59a™~ (d) mice are shown. Plate (e) is a
representative section from DafI”~CD59a™~ mice treated with anti-C5. Multiple sections were scored as described in Methods and the mean

inflammatory score for each animal calculated. Plate (f) shows the summed data for each set in experiment 1; columns represent means of means

and lines show standard deviations (n = 5 for each group). Plate (g) shows summed data for experiment 2 represented on the same scale as (f). For

experiment 2, only four animals were analysed per group because of technical difficulties that rendered tissue from one animal unusable in the

study. Here, too, columns represent means and lines show standard deviations. Magnification x 100. *P < 0-05; **P < 0-01.

serum transfer) EAMG in Lewis rats [14]. These findings
were confirmed in rats in which EAMG was passively
induced using the anti-AChR mAb35; treatment with
soluble C receptor 1 (sCR1), a specific inhibitor of C activa-
tion, markedly inhibited disease [22]. A role for MAC in
passively induced EAMG was suggested by the demonstra-
tion that neutralization of C6 inhibited disease [24]. In these
studies, Fab fragments of a polyclonal anti-C6 antibody were
administered to rats prior to injection of anti-AChR mAb35.
Treated rats were protected as assessed by measurement of
weight loss, evoked muscle potential and clinical disease. In
mice, C5-deficient strains were shown to be resistant to
active induction of EAMG, despite having levels of anti-
AChR antibodies similar to C sufficient controls [25]. More
recently, these workers showed that knock-out mice lacking
either C3 (required for all C activation pathways) or C4
(specific for the classical pathway) are resistant to active
induction of EAMG despite the generation of strong anti-
AChR titres, implying an essential requirement for classical
pathway activation [26].

We and others have used mice deficient in the membrane
CReg to define roles of C in mouse models of disease.
CD59a-deficient (CD59a7") mice showed increased disease
when compared to WT mice in experimental demyelination,
arthritis models and models of nephritis [27-29]. CD55-
deficient (Daf1”") mice were more susceptible to disease in
nephritis models [20], and mice deficient in both these

300

regulators showed the most severe disease in nephritis
models [30]. The Daf17~ mice have been tested in the passive
EAMG model and reported to show a marked increase in
disease susceptibility compared to WT littermates [31]. To
clarify further the contributions of the various C-derived
effectors and specifically the role of the MAC in end-plate
damage, we have utilized mice deficient in one or two mem-
brane CReg and pathway-specific murine anti-C reagents in
passively induced EAMG in the mouse. As noted by others
[31], WT mice on the C57Bl6 background were resistant to
clinical disease in this model, despite evidence of muscle
inflammation and C3 deposition at the end-plate, probably
reflecting the known high safety factor for neuromuscular
transmission in this species. In our hands, Daf1”~ mice devel-
oped a mild and acute disease characterized by mild muscle
weakness and pathologically by muscle inflammation, and
end-plate damage as shown by increased C3 deposition and
reduced o-bungarotoxin staining.

These findings differ qualitatively from the report of Lin
et al. using the same passive induction EAMG model and the
same dose of inducing mAb, where Daf1”~ mice displayed a
marked increase in disease susceptibility and severity,
reduced AChR numbers and increased C3 staining at the
end-plate compared to WT [31]. The reasons why these two
independently derived strains of Daf1”~ mice behave so dif-
ferently in their response to passive induction of EAMG
using the same initiating mAb are unclear, but may hint at
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subtle differences between the strains. Cd59a
developed only very mild disease in this model with minimal
muscle inflammation and end-plate damage. Of note, C3
deposition, present in the DafI”~ mice, was reduced in
Cd59a™", indicating that control in the activation pathways
was adequate to prevent significant C activation in the
model. In marked contrast, mice deficient in both of these
regulators developed a severe disease with profound weak-
ness, associated with abundant inflammation in muscle and
severe damage to end-plates with deposition of C3 and C9
and loss of oi-bungarotoxin staining. Inflammation was not
restricted to the vicinity of the end-plates, as has been shown
in some previous studies [13,14], due probably to the sever-
ity of disease in these animals. These findings provide further
evidence of the key role of C in end-plate damage in this
model of MG and show that CReg control in the activation
and terminal pathways collaborate to protect the tissues.
Further, they imply that the observed destruction is medi-
ated by the MAC and regulation of MAC formation can
restrict or prevent the destruction of the end-plate and
development of paralysis despite the presence of muscle
inflammation and C3 deposition.

To confirm the importance of C activation and MAC for-
mation, the effects of inhibiting C5 activation were tested in
the Dafl”~Cd59a” mice. The mAb BB5-1 acts by binding C5
and preventing its cleavage, thus preventing the generation
of C5a and MAC. C5 inhibition using this mAb rescued the
severe disease phenotype seen in the Dafl”"Cd59a™ mice.
Minimal clinical signs were detected in the BB5-1-treated
Daf17-Cd59a™" mice, while C3 deposition at the end-plate
and inflammatory cell infiltration were reduced significantly
compared to untreated Dafl7~Cd59a™~ mice.

Our clear demonstration that end-plate destruction and
clinical disease in the mouse passive EAMG model is medi-
ated by C activation, and that MAC formation is necessary to
cause destruction of the end-plate, has important implica-
tions for human disease. Although primary deficiencies of
CReg are extremely rare in man, more subtle changes in C
regulatory capacity have been shown to influence suscepti-
bility to disease, for example in the haemolytic uraemic syn-
drome [32]. C activation has been well documented in MG
and a role for the MAC suggested based upon electron
microscopic identification of dense MAC deposits and
MAC-positive debris at the end-plate [10,12,33]. These data,
taken together with the findings presented here, provide
strong evidence that C and MAC are indeed causative in the
destruction of the end-plate in mice and men. Therapies that
target C activation and specifically MAC formation should
therefore be considered for treatment of MG, particularly in
those difficult cases where conventional therapies fail.
Anti-C5 agents have already reached the clinic and have been
used with success in several clinical trials, most notably
in therapy of myocardial infarction and the post-
cardiopulmonary bypass syndrome [34]. A recombinant
membrane targeted form of CD59 has been shown to be

EAMG in complement regulator knock-out mice

effective in the haemolytic disorder paroxysmal nocturnal
haemoglobinuria [35]. There is now an urgent need to test
these agents in MG; all the evidence indicates that inhibition
of MAC formation will ablate disease.
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